(ii) a global temperature offset, (iii) modified growth rates (to resemble aspherical particles with larger surfaces) and (iv) temperature fluctuations (to resemble the impact of small-scale mountain waves) mostly improve the agreement with the GLORIA observations. The sensitivity simulations suggest that details of particle microphysics play a significant role for 20 simulated LMS nitrification in January, while air subsidence, transport and mixing become increasingly important towards the end of the winter.
Introduction
The processes of denitrification and nitrification are well-known phenomena occurring in the polar winter stratosphere (Fahey et al., 1990) . They involve the condensation, growth, sedimentation and sublimation of nitric acid (HNO 3 )-containing polar stratospheric cloud (PSC) particles and result in an irreversible vertical redistribution of HNO 3 . Denitrification is known to affect polar winter ozone loss (Fahey et al., 1990; Waibel, 1999) . While denitrification at higher layers (i.e. around 16 to interferometer with an imaging HgCdTe detector which records 128 vertical and 48 horizontal interferograms simultaneously.
All interferograms are transformed into spectra and spectra from horizontal detector rows are averaged for noise reduction prior to the atmospheric parameter retrieval (Kleinert et al., 2014) . In high spectral resolution mode, which is used in this study, the spectrometer covers the range from 780 to 1400 cm −1 with a spectral sampling of 0.0625 cm −1
. For the retrieval, the radiative transfer code KOPRA (Karlsruhe Optimized and Precise Radiation transfer Algorithm; Stiller et al., 2002) and the inversion 5 tool KOPRAFIT (Höpfner et al., 2001) were used. Estimated uncertainties of the GLORIA retrieval results are typically 1 -2 K for temperature and 10 -20% for trace gases. Typical vertical resolutions of the retrieved profiles are about 400 m at flight altitude and decrease to about 1000 m around the lowest tangent points. A detailed description and validation of the dataset used in this study is given by Johansson et al. (2018) .
CLaMS
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The Chemical Lagrangian Model of the Stratosphere (CLaMS) (McKenna, 2002a, b) is a chemistry transport model based on trajectory calculations for an ensemble of air parcels. CLaMS includes modules simulating Lagrangian trajectories, mixing, chemical processes and Lagrangian particle sedimentation. The CLaMS simulations used here were performed with a special setup for the POLSTRACC campaign with a horizontal resolution of about 100 km and a vertical resolution of about 500-900 m in the lower stratosphere above 10 km altitude decreasing to about 2 km below 9 km altitude. Further, this configuration 15 includes a comprehensive stratospheric chemistry as described by . The simulations were performed for the entire winter and were based on meteorological wind and temperature data from the ECMWF ERA interim reanalysis (Dee et al., 2011 ) employing a horizontal resolution of 1x1 degrees and a timestep of 6 h. To simulate processes connected to NAT particles, particle parcels are implemented (Grooß et al., 2005 . Particle size and number concentration are assigned to each particle parcel so that various particle parcels in one air parcel determine the particle size distribution. NAT 20 and ice nucleation is temperature and saturation dependent and is parametrized by the scheme by Hoyle et al. (2013) and Engel et al. (2013) , respectively. Particle growth and evaporation are calculated along particle trajectories based on Carslaw (2002) assuming the characteristics of spherical particles (Tritscher et al., 2018) . Comparisons with PSC observations (Tritscher et al., 2018) show that the parametrisation of nucleation and sedimentation of NAT and ice particles in CLaMS is capable to reproduce the main features of PSC observations. Also, vortex averages of the vertical redistribution of HNO 3 and H 2 O have 25 been reproduced.
Methods
GLORIA vertical cross sections of atmospheric parameters
The GLORIA retrieval results in vertical atmospheric parameter profiles. These vertical profiles are combined to 2-dimensional quasi-vertical cross sections along the flight paths and show mesoscale atmospheric structures (Johansson et al., 2018) . Since . sPV is calculated by dividing the potential vorticity (PV) by ∂θ/∂p to obtain similar PV ranges for all isentropic levels that are investigated (Manney et al., 1994; Dunkerton and Delisi, 1986) . Therefore this filter takes the altitude information of the grid points into account. Data points in the tracer correlations (see below) are attributed to sub-vortex air, if both criteria are met. 370 K. Only above the British Isles, southern Scandinavia and north-west of Norway patches of air masses do not fulfil this filter criterion. Further, PSCs were observed above flight altitude towards the end of the flight near Kiruna .
Maximum ozone volume mixing ratios of 1.2 ppmv are observed between 11:40 and 12:10 UTC close to the flight altitude (Fig. 1b) . Except for flight segments with a high tropopause (indicated by the 2 PVU level) from 09:00 to 11:20 UTC outside the vortex region, ozone volume mixing ratios of about 0.5 ppmv are observed around the 340 K isentrope. The HNO 3 5 volume mixing ratios (Fig. 1c) The flight on 20 January 2016 started and ended in Kiruna and took place during in the coldest phase of the winter (Manney and Lawrence, 2016) . Applying the Nash criterion a relatively coherent vortex region is found, with all GLORIA tangent points located inside the vortex region at θ = 370K (Fig. 2a) . The flight was carried out during particularly cold conditions, with PSCs ranging down to flight level. Since clouds complicate a robust trace gas retrieval, a number of GLORIA observations where sorted out by cloud-filtering. As a consequence, only limited GLORIA nitric acid data are available in flight sections with sufficiently transparent conditions (Fig. 2b) . Further, particulate NO y was simultaneously measured in-situ by using a chemiluminescence-detector in combination with a converter for NO y species (Stratmann et al., 2016) . Similar observations have also been made during other aircraft campaigns in the Arctic (Northway et al., 2002) . NO y -containing particles were detected as gas phase-equivalent NO y *. In Fig. 2c , we show the measurements taken during the flight on 20 January 2016 20 which are not corrected for enhancement efficiency (Ziereis et al., 2004) . We use the data as a proxy for condensed particulate HNO 3 present at flight altitude. The in situ data clearly confirm the presence of HNO 3 -containing PSC particles at flight altitude and in the vicinity of the local HNO 3 maxima detected by GLORIA.
The vertical cross-sections of O 3 and HNO 3 volume mixing ratios along the HALO flight track derived from GLORIA are depicted in Fig. 2b , d. The ozone distribution shows increasing volume mixing ratios with altitude reaching 1.1 ppmv at 13 km. . The simultaneous presence of confined local gas phase HNO 3 maxima in the GLORIA data and HNO 3 -containing particles detected in situ suggests that an ongoing nitrification process was probed. The vertical cross-section of HNO 3 volume mixing ratios modelled by CLaMS is shown in Fig. 2e . HNO 3 volume mixing ratios reach maximum values of 8 ppbv at flight altitude in the flight segment between C and D. While maximum HNO 3 volume mixing ratios in this flight are well represented by CLaMS, slight differences in the location of the maximum occur. Enhanced HNO 3 volume mixing ratios reach down to only 11 km compared to 9 km for the GLORIA observations. Additionally, CLaMS shows slightly enhanced HNO 3 volume mixing ratios around 16:00 UTC but does not represent the small scale fine structures At the end of January 2016, applying the Nash criterion at θ = 370K, a more disturbed lower vortex region is observed. As shown in Fig. 3a , a large region between Greenland, central Europe and northern Siberia fulfilled the vortex criterion. However, filaments of lower PV are found from Greenland to southern Scandinavia and around the eastern rim of Scandinavia. Flight 12 was carried out starting and ending in Kiruna on 31 January and intersected several times with filaments outside the vortex. Nash et al. (1996) around Scandinavia, with the GLORIA observations being located partly inside and outside these regions (Fig. 4a ).
The measured O 3 distribution (Fig. 4b) shows increasing values with altitude and reaches values of 1.2 ppmv at flight level.
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Ozone values along the isentropes vary only slightly. The measured HNO 3 distribution (Fig. 4c) shows enhanced values for altitudes higher than 9 km reaching maxima up to 6 ppbv at flight altitude embedded in background values of 2 to 3 ppbv.
Filamentation and mixing following the earlier vortex break-up resulted in less spatial variability. However, well-defined local structures originating from nitrification still persisted in this late stage of the winter.
CLaMS (Fig.4d) shows enhanced HNO 3 volume mixing ratios for altitudes higher than 9 km corresponding well with
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GLORIA observations. Maximum values of locally 6 ppbv are modelled around 12:30 UTC at 13 km. While maximum values are well represented, CLaMS generally underestimates the enhancements and shows a similar spatial variability.
Quantification of nitrification of the LMS from December 201to January 2016
To quantify nitrification in the LMS from December 2015 to January 2016 HNO 3 -O 3 -correlations associated with sub-vortex air are analysed for selected flights in this period. GLORIA data points with a calculated relative error larger than 20% are 15 neglected in this study. Here, we use ozone as an approximation of a passive reference tracer, since ozone is well accessible with GLORIA and shows a sufficient vertical gradient in the LMS region. The choice of ozone as a passive tracer is based on the assumption that ozone depletion is small in that period as the air is hardly exposed to sunlight. The model study by Khosrawi et al. (2017) supports this assumption. Two aspects can affect the correlation: 1) Mixing with extra-vortex air masses not affected by nitrification would lead to an underestimation of HNO 3 introduced into the LMS by nitrification and 2) Potential 20 ozone depletion would shift higher HNO 3 mixing ratios to lower ozone values, thus enhancing estimated nitrification.
As correlation scatter plots of measured data for several flights tend to be hard to assess due to the large number of individual points, estimates of relative normalized frequency distributions (RNFD) as described by Eckstein et al. (2017) volume mixing ratios. Therefore, in the context of a challenging vortex identification this method offers an additional filter, as single data points that are differing significantly and are erroneously identified as vortex air are filtered out. Here it has to be pointed out that also local non-erroneous points with very high HNO 3 values within the vortex are filtered out applying this method. However, in this study we aim to quantify the overall nitrification of the LMS, while local nitrification is highly 30 inhomogeneous and can reach significantly higher values. The RNFD contour line used for quantification in the following section includes points within 2% of the histograms maximum density. reproduce the general enhancement of HNO 3 during the winter leading to a nitrification of up to 4 ppbv for ozone values of 0.8 to 1 ppmv, which is by 3 ppbv HNO 3 lower than the GLORIA observations.
Comparison of GLORIA results with CLaMS sensitivity simulations
Four sensitivity simulations have been performed in order to investigate processes and aspects that have not been represented in the model so far. These sensitivity simulations were performed based on assumptions concerning particle formation and
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shape. Besides the formation of NAT on ice particles, ice can possibly accumulate on NAT particles (Voigt et al., 2018) resulting in larger particles with an enhanced settling velocity. Therefore in the 'ice settling' simulation a 1.5 times enhanced settling velocity is applied if the saturation ratio of ice, S Ice , is larger than 1.2. Since NAT formation is temperature dependent a sensitivity simulation is performed with a global temperature offset of 1 K. Particle growth in CLaMS is based on the assumption of growth rates of spherical particles. However, Woiwode et al. (2016) found indications for highly aspherical 20 particles with an enhanced surface compared to spherical particles of the same volume. Since the HNO 3 uptake depends on the surface, a faster particle growth would occur. A 1.5 times enhanced particle growth was implemented in the 'aspherical particle' simulation. Changes in settling velocities due to different shapes have not been taken into account here. Several studies suggest a connection between orographically induced gravity waves and NAT formation (Davies et al., 2005; Carslaw et al., 1998; Höpfner et al., 2006) . However small scale temperature fluctuations are not resolved by ERA interim temperatures. Therefore,
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artificial fluctuations according to (Tritscher et al., 2018) have been added in the 'temperature fluctuations' simulation.
The comparison is based on the RNFDs depicted for the individual flights in Fig. 6 . As an example, the cross-sections of the different simulations (Fig. 7) for flight 6 have been analysed as well. The cross-sections for flights 8, 12 and 21 can be found in the appendix (Fig. A1, A2 , A3).
Flight 6 on 12 January 2016
30
The sensitivity simulations' cross-sections for flight 6 are shown in Fig. 7c-f together with the GLORIA measurement in Fig. 7a and the reference simulation in Fig. 7b . The 'ice settling' simulation ( Fig. 7c) simulation for this flight. This is also observed in the RNFD depicted in Fig. 6a . The 'aspherical particle' case ( case shows slightly more pronounced improvements for the flights in mid-January. Even though the sensitivity simulations generally improve the results, significant differences between model and measurements remain. The sensitivity simulations suggest that particle microphysics play a significant role for LMS nitrification in January. Increasing discrepancies from the observations towards the end of the winter are attributed to simulated air subsidence, transport and mixing processes.
Several studies investigated nitrification in previous cold winters, although mainly with a focus on higher altitudes. For Data availability. The discussed GLORIA data set is available at the HALO database at https://halo-db.pa.op.dlr.de/. NASA MERRA2
